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Abstract

Using the sequence of 70-day continuum-band (751 nm) images from the Cassini Imaging Science System (ISS), we record over 500
compact oval spots and study their relation to the large-scale motions- I8 spots whose vorticity could be measured—the large spots
in most cases—were all anticyclonic. We exclude cyclonic features (chaotic regions) because they do not have a compact oval shape, bu
we do record their interactions with spots. We distinguish probable convective storms from other spots because they appear suddenly, grow
rapidly, and are much brighter than their surroundings. The distribution of lifetimes for spots that appeared and disappeared during the
70-day period follows a decaying exponential with time constant (mean lifetime) of 3.5 days for probable convective storms and 16.8 days
for all other spots. Extrapolating the exponential beyond 70 daysustyi underestimates the number of spots that existed for the entire
70-day period. This and other evidences (size, shape, distribution in latitude) suggest that these long-lived spots with lifetime larger than
70 days are from a separate population. The zonal wind profile obtained manually by tracking individual features (this study) agrees with
that obtained automatically by correlating brightness variations in narrow latitude bands (Porco et al., 2003). Some westward jets have
developed more curvature and some have developed less curvature since Voyager times, but the number of westward jets that violate the
barotropic stability criterion is about the sanhe the northern hemisphere the number of spgetgreatest at the latitudes of the westward
jets, which are the most unstable regions according to the barotropic stability criterion. During the 70-day observation period the Great
Red Spot (GRS) absorbed nine westward-moving spots that originated in the South Equatorial Belt (SEB), where most of the probable
convective storms originate. Although the probable convective storms do not directly transform themselves into westward-moving spots,
their common origin in the SEB suggests that moist convection and the westward jet compose a system that has maintained the GRS over it
long lifetime.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction Mitchell et al., 1979) Some spots have lightning in them,
as revealed in night side imaggsttle et al., 1999; Gierasch
Jupiter's atmosphere is full of spots—compact, oval- et al., 2000)
shaped cloud features whose appearance, at some wave- Spots form in a variety of way@lac Low and Ingersoll,
lengths at least, is different from that of their surroundings. 1986) Some gather contrast slowly in an otherwise feature-
This contrast may reflect differences in composition or size |ess region; some develop coherence and emerge from the
of the cloud particles, differences in optical thickness or turbulent f|ow; and others appear suddemy as br|ght points
altitude of the ClOUd, or differences in small-scale texture and grow by expansion_ Likewise, some spots are absorbed
of the cloud (Smith et al., 1979; Ingersoll et al., 1979; py the turbulent flow; some are destroyed by mergers; and
others simply fade away. “Life cycles” refers to appearances
* Corresponding author. and disappearances, mutL!aIeimctions, and.interactiong
E-mail address: liming@gps.caltech.edu (L. Li). with the zonal jets. Comparing the observed life cycles with
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those produced in numerical models (e.mgersoll and According to this definition, we record over 500 spots. We
Cuong, 1981; Wliams and Yamagatd,984; Marcus, 1988;  observe the sign of the vorticity for about 100 of the largest
Dowling and Ingersoll, 198deads to a better understanding spots, whose rotation direction can be determined from a
of the dynamics of Jupiter's atmosphere. movie made from these images, and find that all these spots
Our study uses data spanning 70 days (October 1 toare anticyclonic (clockwise in the northern hemisphere,
December 9, 2000) of observation by the Cassini Imaging counterclockwise in the southern hemisphere). Among the
Science System (ISS) in a filter centered at 751 nanometers517 compact spots we record, 306 compact spots are bright
The only other comparable stugWlac Low and Ingersoll, and 211 compact spots are dark. The dark spots may be holes
1986)used 58 days of observation by the Voyager imaging in the clouds or they may be dark cloud material that absorbs
system in the violet filter. In both cases the resolution of the the light at 751 nm. Other studiéBanfield et al., 19983ug-
raw images ranged fromy 500 knypixel at the beginning  gest that bright and dark contrast originates-d1.7 bar. We
of the sequence to- 100 knypixel at the end. Voyager im-  use planetographic latitudes, system Il west longitudes, and
aged the disk of the planet every5Lof a jovian rotation positive zonal winds in the eastward directidviac Low
and covered the entire planet once per jovian rotation, i.e.,and Ingersoll (1986)jecorded over 100 spots in the Voy-
once every 10 h. The mosaics became a movie with time ager mosaics. Their studydased on interactions between
step~ 10 h and duration- 58 Earth days. Cassini operated spots. Our study is larger (500 vs 100 spots) and more gen-
in much the same way, excepiiften skipped a rotation so  eral; it includes appearances,ajipearances, difbution of
that the time step was sometimes 10 h and sometimes 20 hlifetimes, size distribution, mutual interactions, interactions
Morales-Juberias et al. (20Q2ereinafter MJ, studied spots  with the Great Red Spot (GRS), distribution with respect to
using HST data over a 6-year period. The temporal sampling latitude, and motion relative to the zonal jets.
is less dense than ours, but we will compare our results with  We use the term chaotic region (CR) to define a patch
theirs wherever possible. of rapidly changing, amorphous features. CR’s are distinct
Each Cassini image was navigated by fitting (in the image from compact spots, and are not included in our study ex-
plane) the observed planetary limb to its predicted location. cept as they interact with spots. In many cases it is difficult
Radiometric calibration was performed using the CISSCAL to define the boundaries of a CR, and in some cases a CR is
software developed by the Cassini ISS Team. The imagessimply a cyclonic band circling the entire plan&tnith et al.
for each rotation were projesd into a simple cylindrical ~ (1979) called these patches “disturbed regionsgersoll
map spanning 360of longitude. lllumination effects were et al. (1979) and Mitchell et al. (1978)sed the term “tur-
removed by dividing by the cosine of the incidence angle, bulent, folded-filament regions.” They also used the term
and regions shared by multiple images were averaged. The‘oblong cyclones,” since the vorticity of the CR’s is always
final maps were converted to 8-bitimages using the same lin-cyclonic. These authors used the term “wakelike” to describe
ear stretch for all maps and are stored without compression.the CR’s to the west of the large ovals. The largest wakelike
To date, these steps have been performed for the 751 nnregion is the South Equatorial Belt (SEB) to the west and
filter only, although raw images spanning the same 70-day slightly equatorward of the Great Red Spot (GR®)ussef
period exist for several other filters. and Marcus (2003point out that a row of cyclonic CR’s
Each Cassini mosaic is 36001801 pixels and spans alternating with a row of anticyclonic ovals resembles a Kar-
360 of longitude and 180of latitude. Therefore each pixel man vortex street. With a numerical model they show that the
spans 0.1 of longitude and 0.1 of latitude. The scale of  relative positions of the vortices are stable. In a classic vor-
0.1°/pixel, or ~ 125 knypixel at the equator, was chosen tex street the cyclones and anticyclones have the same size.
such that all the 70-day images could be mapped consis-On Jupiter the east-west dimension of the CR’s is usually
tently without loss of information. The spatial areas over greater than that of the associated ovals.
which spots are measured include all 3@®longitude and
80° Sto 80 N in latitude. The gases in Jupiter’s troposphere
are transparent in the 751-nm band, so these near-infrare®. Appearancesand disappear ances
continuum band images can capture a multitude of spots at

different altitudes in the troposphere of Jupiter. Figure 1 shows that the number of appearances mi-
We use the term “spot” to describe a structure having the nus disappearances oscillates around zero. Over the whole
following four characteristics: period the numbers of appearances (393) and disappear-
ances (356) are basically in balance, and their difference
(1) compact oval shape, (393— 356= 37) is not statistically significant. The null hy-
(2) appearance in at least ¢ar successive images (life— pothesis is that both appearances and disappearances in a
history at least 40 h), 70-day period have a mean of 384= (393+ 356)/2. The
(3) a marked brightness difference from the surrounding standard deviation of each is 38%2 = 19.4. The standard
clouds, deviation of their difference i$2 x 3745)Y/2 = 27.4. The

(4) diameter at least 700 km during some part of the spot's actual difference is 37, which is 1.35 standard deviations and
life. not statistically significant.
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Fig. 1. The numbers of appearances and disappearances of spots evatyrb@hihe 70-day period. The figure also shows the value of appearance minus
disappearance during the period.

Mac Low and Ingersoll (1986pbserved 23 mergers, However, neitheiPorco et al. (2003hor we observed the
23 other kinds of disappearances, and 19 appearancedjghtning directly, so we will call them “probable convec-
roughly an order of magnitude fewer events than in our tive storms.” The resolution in our images ranges from 100
study. These authors noted that the number of spots de-to 500 km, which is enough to resolve the probable con-
stroyed was a factor of 2 greater than the number createdvective storms in the SEB (20S-16 S) and the NEB
during the 58-day observation period, and recommended(10> N—-15 N). Compared wittPorco et al. (2003)ve did
further study of the budget. However, the main goal of not find many convective storms at other latitudes, probably
their paper was to study the time-dependent behavior of hecause we used just the 751 nm filter and they used other fil-
interacting spots. The appearance of a spot is a solitaryiers including those in the strong and weak methane bands.
event. The fact that they observed less than one appearancg onyective storms are important for the jovian atmosphere

per day whereas we observed more than four appear-pecq se they can transport much of the heat flux from the
ances per day suggests that Mac Low and Ingersoll did deeper troposphetSierasch et al., 2000)
not record most of those events. In the long run, the N

: ) Figure 2adisplays an example of a spot developing in a
Zggeearance and disappearance of spots should be in balfelatively calm area (type 1). This is the most frequent kind

We divide appearances into three types: of appearance among the three types (221 out of 393 cases).
' The gradual appearance of the spdtig. 2ais not due to the
change in resolution, because in the first two subimages we
can see that the embryo did not have elliptical shape and we
can see much smaller scale features than the embryo itself.

(1) development of contrast an otherwise featureless re-
gion,
(2) development of a coherent structure in an otherwise tur-

bulent region Figure 2bshows a spot that emerged from the turbulence in
(3) sudden appearance of a bright point followed by rapid @ CR (type 2). This is the next most frequent kind of ap-
expansion in size. pearance (141 out of 393figure 3ashows a very bright

spot that grows rapidly (type 3), and is probably a convec-

Type 1 usually takes place outside the CR’s, whereas types 2ive storm. This is the least frequent kind of appearance (31
and 3 usually take place in the CR’s. Type 2 often in- outof 393 cases).

volves ejection of the spot from a CR. Type 3 describes ~ We also divide disappearances into three types:

the rapidly growing, easily identified features that often have

lightning in them(Little et al., 1999; Gierasch et al., 2000; (1) disappearance due to merging,

Ingersoll et al., 2000)Porco et al. (2003)eferred to these  (2) destruction by the turbulence, usually in a CR,

as “convective storms” in their analysis of the Cassini data. (3) gradual fading.
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Fig. 2. (a) Large spot developing slowly outside of a CR. In this figure and all other figures IFigst @b, 3a, 3b, 4a, and }ime increases from top to
bottom. Note that the time stegtween neighboring subimageskig. 2ais 10 days, so the spot is developing very slowly. The time step for all other such
figures Figs. 2b, 3a, 3b, 4a, and ¥is 20 h. The range for every frame Big. 2ais (12> N-23° N, 350°-17°). The time of the first subimage (the top one) is
Oct 5, 2000. The large spot covers the center of tifeNL Westward jet. (b) Spot coming from a CR. The range for every frame iSKd54° N, 230°—267).

The time of the first subimage is Nov 5, 2000. The spot sits in an anticyclonic band.

Figure 3bshows a merger between two spots. This type of a spot that fades away. It disappears without undergoing any

disappearance is different fro destruction by turbulence interaction with other spots or CR’s. The number of this kind

(Fig. 49 because it results in a recognizable spot. Absorp- of disappearance is largest among the three types of disap-

tion by turbulence results in more turbulence—amorphous, pearance (147 out of 356 cases).

rapidly changing patterns that have no definite spilac

Low and Ingersoll (1986)ere especially interested in merg-

ers because the solitary wave mod@Maxworthy et al., 3. Dimensions

1978)predicted that when one spot overtakes another at the

same latitude they would pass through each other, whereas In Fig. 5we record the sizes of all spots and give a scat-

other modelgIngersoll and Cuongdl981; Williams and Ya- ter plot of north—south (NS) and east—west (EW) diameters

magata, 1984)redicted that the two spots would merge. We based on the brightness and lifetime. In our study, long-lived

record 119 mergers and 7 near misses—where spots passespots are those that existed throughout the entire 70-day pe-

around each other—out of the total 126 interactions during riod, and short-lived spots are those that both appeared and

the 70-day period. Our result seems to support these mergingdisappeared during the 70-day period. The GRS and white

models. oval at—33° are not included in the list of long-lived spots.
Figure 4ashows a small spot that is destroyed by turbu- Figure 5offers two different linear fits between the two di-

lence inside a CR. This kind of disappearance accounts forameters by assuming that thacertainties of measurement

more than one-fourth of the total number of disappearancesin major and minor diameters are the safivieyer, 1986)

(90 out of 356). CR’s are not only an important source of The fitting lines from the origin indicate that long-lived spots

spots but also an important sink of spdesgure 4bshows and dark spots have smaller NS/EW ratios than short-lived
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Fig. 3. (a) A fast-developing spot in a CR, probablconvective storm. The range for every frame SK8-17° N, 8°-3C°). The time of the first subimage is
Oct 29, 2000. The spot sits in a cyclonic band. (b) Two spasging with each other. The range for every frame i (8845 N, 280°-295"). The time of
the first subimage is Nov 13, 2000. The two spots sit in an anticyclonic band.

spots and bright spots. The two-parameter fit presents a dif-4. Distribution of lifetimes
ferent result because it is more sensitive to spots having
extreme low and high ratios than the fit from the origin. The time between the appearce and disappearance of
Figure 5shows that all the long-lived spots have major di- a spot is its lifetimeFigure 6is a histogram of lifetimes,
ameters greater than 2000 km. The short-lived spots have constructed using those spots having a complete life history
major diameters ranging from below 1000 to over 6000 km. during Cassini’s 70-day observation window. The histogram
There is no correlation between lifetime and size for the has a bias, which is correctable: A spot with lifetime 70
short-lived spots, and we cannot measure the lifetimes of thedays must appear in the initial (70r) days of the obser-
long-lived spots. Our results are generally in agreement with vation window to be included in the histogram. Spots with
Figs. 4 and &f MJ, although our study has a smaller min- lifetimest > 70 days are notincluded in the histogram. Thus
imum spot size (700 vs 1500 km) and a shorter time baseif na is the average number of spots that appear during a
than theirs. 70 day window andp(t) dt is the fraction whose lifetimes
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Fig. 4. (a) A small spot destroyed byGR. The range for every frame is @®&-57 N, 90°-117). The time of the first subimage is Nov 25, 2000. The
spot sits in an anticyclonic band and meets the left side of a turbulentws&untthe CR. (b) A spot that lost contrast and faded away. Sometimesasgs c
resembles that ifig. 43 absorption by turbulence. The range for every frame i§ 4248 N, 310°-324). The time of the first subimage is Nov 18, 2000.
The spot covers the center of the’49 eastward jet.

are inthe rangé, r +dt), then(70—1t)/70nap(t) dt is the The expectation value for the total number of spots that
number in this lifetime range that appear and disappear in appear and disappear in the window is
the window. This is the histogram displayedFiy. 6. 70

In Fig. 6, the fitted curves show70 — r)/70na p(t) dt,
where dt =1 day andp(tr) = (1/t)exp(—t/t). For the
value ofna we average the number of appearances and the
number of disappearances, since the two are the same ex- The expected numberao of spots that only appear in
cept for statistical fluctuations. This gives =295 forthe ~ the window and disappear latersig — nap. The expected
upper panel anda = 345 for the lower panel. The one ad- numbernDo.of §p0ts that only disappear in the V\{lndow'and
justable parameter is, and the fitting yieldsr = 3.5 days %ﬁgi?ggigijes:so?mis_tiZaAIDf.I l’ﬁ‘;&;‘:onnusmbers will be dif-
for the probable convective storms ane- 16.8 days' foral . Information about lifetime > 70 days is contained in the
other spots. We separated the latter (other spots) into a brlghthu

. o oF o mbern | of long-lived spots that existed throughout the
group and a dark group, and fit the distribution of lifetimes  jparvation period. To be included in this number, a spot

for the two groups separately (not shown). The fitting shows \yith |ifetime 1 must appear no more than— 70) days be-
that the time constant of bright spots having a complete life fore the start of the Cassini observation window. Thus if
history (r =14 days) is smaller than the time constant of nap(r)dt is the average number of spots appearing in a
dark spots having a complete life history= 21 days). 70 day window with lifetimes in the range, ¢ + dr), then

nAD =nAf(70—t)/70p(t)dt.
0
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(t — 70)/70npp(t) dt is the number that exist throughout -
the observation period. The integral is the expectation valueLL = "A f(t —70)/70p(1) dt.
of niL: 70
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Table 1
Number of appearances and disappearances

nLL n"AO  "DO  AD
Probable convective storms (expected) 0 2 2 27
Probable convective storms (observed) 0 3 0 28
All other compact spots (expected) 1 82 82 263
All other compact spots (observed) 35 123 89 239

nLL = long-lived spots, lifetime> 70-days.

nao = appear only, disappear later.

npo = disappear only, appeared earlier.

nap = appear and disappear in the 70-day period.

L. Lietal./lcarus 172 (2004) 9-23

caused by changes of the clouds, wave-like phenomena, and
large vortices (GRS, for example) will affect the correlation
method(Garcia-Melendo and Sanchez-Lavega, 208bth
methods are sensitive to spots, but the correlation method is
also sensitive to amorphous features and large-scale struc-
tures that a human operator might ignore.

In our study, we record the position of each spot every 60 h
and compute a velocity based on its displacement over this
60 h time interval. If the spot changes latitude by less
than P, and if it changes velocity from the average value
for its complete life history by less than 10 m's then we
will use the spot as a record for the wind velocity of the

In Table 1we compare the observed and expected valueslatitude in which it sits. In addition, for these latitudes in

of niL, nao, npo, andnap for probable convective storms

which there are few spots we use other features having sta-

and for all other spots. The expected values use the best fit toble nonoval shape as tracking targets to get the wind velocity

the histogram irFig. 6, with T = 3.5 days for the probable
convective storms and= 16.8 days for all other spots. The
number of appearancesigo +nap, and the number of dis-
appearances ispo + nap. Except forn |, the differences

for these latitudes. Then we average these records in differ-
ent I° bins to get the wind velocity for latitudes from 78
to 83 N. This was impossible for some latitudes {7,
25° N, 21° N, 16° N, 10° N, 2 N-5° N, 1° S, 14 S, 26 S,

between the observed and expected numbers are consister80° S, 37 S, 44 S, 54 S, 6 S, 63 S, 67 S-70 S
with statistical fluctuations. However, the expected number and 7?7 S) where we could not find good tracking targets.
of nonconvective (other) spots that survive for the entire We use interpolation to get the values of wind velocity at
70-day period is 1, whereas the observed number is 35. Ev-these latitudes.

idently there are more spots with long lifetimes than the

Figure 7 shows that the wind profile obtained from

exponential distribution would suggest. There is even some Cassini by the feature tracking method is in good agreement
evidence that the spots with lifetimes longer than 70 days arewith the wind profile obtained by the correlation method

from a different population: As shown below, the long-lived

(Porco et al., 2003)The correlation coefficient between the

spots have different distributions with respect to latitude and two profiles from 78 S to 83 N is 0.9257.Porco et al.
size than the spots that appear and disappear in the Cassini2003)study changes in the jets from the Voyager time to

observation window.

5. Relation to zonal winds

Much work on zonal winds of Jupiter has been done

the Cassini time. Further study of the changes of wind pro-
files requires a detailed discussion of the accuracy of data
from different sources (Moyager, HST and Cassini) and an
error analysis of velocity measement in all these studies.
Such an effort is beyond the scope of this study.

Using the data of Voyager, Ingersoll et al9(¢9, 198]1

based on the data sets of Voyager, Galileo, and HST andLimaye (1986)iscussed the curvature of the westward
(Ingersoll et al., 1981; Limaye, 1986; Vasavada et al., 1998; jets and the jets’ stability according to the barotropic stability

Garcia-Melendo and Sanchez-Lavega, 2001)ese stud-

criterion. In this paper, we repeat this work based on more

ies support the idea that the zonal wind profile at the cloud data including Voyager, HST and Cassini. The Voyager data

level has remained basically unaltered in spite of some mi-

(Limaye, 1986)were taken in 1979. The HST ddi@arcia-

nor variations in jet shape and speed. This implies that the Melendo and Sanchez-Lavega, 200Bre taken from 1995
global circulation of Jupiter is stable even though there are to 2000. The Cassini data were taken in 2000.

turbulence and convection in the atmosphere.

The barotropic stability criterion says that a two-dimen-

Feature tracking and correlation are two methods for sional (barotropic) flow is stable wheh— i, > 0 at all

measuring the wind velocity on Jupiter. By manually fol-

lowing the target clouds in images taken at different times,

latitudes. Here8 = df/dy = 252 cosp/Rj is the planetary
vorticity gradient, f = 22 sin¢ is the Coriolis parameter,

the feature tracking method can determine the wind speedg¢ is planetographic latitude? and Rj are Jupiter’s angular
at the latitudes where these target clouds sit, if clouds canrate of rotation and planetary radius, respectivalys the

be regarded as passive tracers of atmospheric mass motiormean zonal windy is the northward coordinate, ang, is

For this method, the change of feature shape, the interactionthe curvature of the jets. Singkis positive everywhere and
between these clouds and their environment, and operatori,, is positive at the latitudes of the westward jets, the crite-
judgment will cause some errors. On the other hand, the cor-rion is most likely to be violated at these latitudes. Vertical
relation method takes a narrow latitude band spanning 360 structure in the flow can alter its stability, but it is uncertain
in longitude as the target and determines its mean east-wesand we do not discuss it here.

movement by finding the largest correlation coefficient be-

Figure 8shows parabolas with curvatugethat are cen-

tween two images taken at different times. Systematic errorstered on the westward jets. The figure shows that some jets
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developed more curvature th@#nand others developed less southern hemispheres. Perhaps the GRS and the large White
curvature tharg during the 21 years 1979-2000. The jet Oval Spot centered at33° affect the distribution of spots
at 39 N hadiy, > g during HST time and less at other in the southern hemisphere due to their large size.

times. The jet at 31N hadi,, > g during Voyager time The right panel ofFig. 9 shows that long-lived spots
and less at other times. The jet at°IN hadi,, > g dur- are concentrated at middle latitudes, mainly in anticyclonic
ing Voyager times and lesg ather times. The jet at 20S bands. Their distribution is significantly different from that

hadi,, > g during HST and Cassini times and less during of all spots, which on average are concentrated in the west-
Voyager times. The jet at 32S hadii,, > g during Voy- ward jets (left panel ofFig. 9). Since the long-lived spots
ager time and less at other times. The general agreementre anticyclonic, this observation is consistent with numeri-
between HST and Cassini and between the feature trackingcal models, which show that vortices of one sign are stable
and correlation methods suggests that the differences relawhen they are imbedded in a region whose vorticity has the
tive to 8 are significant. In general, the number of westward same sigr{ingersoll and Cuondl981; Williams and Yama-
jets that clearly violate the barotropic stability criterion is gata, 1984; Marcus, 1988; Dowling and Ingersoll, 1989)
about the same during Cassini time as during Voyager and MJ found differences between the vortex speed and the
HST times. mean zonal velocity at the central latitude of each vortex (see

The left panel ofFig. 9 shows that in the northern hemi-  their Fig. 8). They found that the difference is anti-correlated
sphere the spots are concentrated at the latitudes of the westwith the mean zonal velocityigure 10is the same as MJ
ward jets. The appearances and disappearances (not showrig. 9, and shows the relative velocity (difference between
of these compact spots have almost the same latitude distrithe zonal velocity of the spot and that of the mean flow) vs
butions as the spots themselves. Since the westward jets aréhe mean zonal velocity at the center of the spot. There is
most likely to violate the barotropic stability criterion, they no obvious anti-correlation (negative slope) between the two
are most likely to develop waves and eddies, which could variables, except possibly for the long-lived spots (bottom
coalesce into spots (e.@pwling and Ingersoll, 1989 This half) if one ignores the three points farthest to the right. The
may explain the distribution of spots in the northern hemi- absolute value of the slope of the remaining points is less
sphere. However in the southern hemisphere there is not athan that of the line in MJ Fig. 9. Our datafig. 10are not
good correlation between thetitaide distribution of spots  too different from those in MJ Fig. 9, considering that their
and zonal winds. Obviously, the barotropic stability crite- time base is much longer than ours and we have more data
rion cannot explain the difference between the northern andfor short-lived spots (top half dfig. 10).
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Fig. 11. Nine large spots absorbed by the GRS duttireg/0-day period. The range for every frame is°(83-28 S, 130—185°). This figure is not a time
sequence likéigs. 2—4 Every subimage in this figure records a different large spot that will be absorbed by the GRS from the east at a different time.

6. Interaction with the GRS 1996). During the Cassini encounter, from which our study
was taken, the SEB was also in a disturbed phase. Our con-
As the largest anticyclone of the jovian atmosphere, the clusions may not apply when the SEB is in its faded phase,
GRS has existed for at least 100 years and probably foras it was during the Pioneer 10 encounter in 1973.
over 300 yearqRogers, 1995)Smith et al. (1979) and During the 70-day period, we find nine large spots (ma-
Mac Low and Ingersoll (1986)ecorded that the GRS ab- jor diameter greater than 2000 km) that were absorbed by
sorbed smaller anticyclones, which suggests that the GRSthe GRS from the east. These large spots are shown in
maintains itself in this way(Ingersoll and Cuong, 1981; Fig. 11 Further information about them is givenTable 2
Ingersoll et al., 2000)Their conclusion is derived from Voy-  In those cases where we could determine the vorticity (7 out
ager observations, when the SEB was in one of its disturbedof 9 cases), it was anticyclonic. In addition to these large
phases (labeled SEBD1 bganchez-Lavega and Gomez, spots, small dark spots were absorbed by the GRS from the
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Fig. 12. Spots originating from the chaotic regions ie BEB west of the GRS. The range for every frame i (3624 S, 320-19C°). Time increases
down page 1 and then down page 2. The time of the first subimage i4OJ®000. The time between two neighboring subimages is 20 h. Two examples of
compact spots originating from the SEB and being absorbed finally by the @GRBa@wn with dark arrows. Tracing these spots from lower left to uppet righ
(backwards in time), we find that all of them come from the chaotic regiotiseiiSEB west of the GRS. In addition, two bright probable convective storms
are shown with white arrows.
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Fig. 12. (Continued.)

west. Because these spots are small and because we couldained into the westward jet to the south of the SEB and
not determine their vorticity, we have not included them in encounter the GRS from the eaBigure 12shows a time
this discussion. history of spots coming from the chaotic regions in the SEB
The large spots absorbed by the GRS probably originatewest of the GRS. Lightning observatiofGierasch et al.,
from the CR'’s in the SEB west of the GRS. They are en- 2000)show that moist convection associated with convec-



22 L. Lietal./lcarus 172 (2004) 9-23

Table 2 ern hemisphere, but the theory cannot explain why there is
Nine spots absorbed by the GRS no such concentration in the southern hemisphere. The fact
Number Time of absorbing Longatneter Short diameter  Vorticity that long-lived spots are concentrated in anticyclonic bands
(km) (km) is consistent with numerical models.
1 Oct1400:57 3513 1466 Anticyclone Spots that originate in the chaotic regions in the SEB are
2 Oct1814:37 5387 2053 Anticyclone  absorbed by the GRS. This and other observations suggest
3 Nov0817:33 6675 2443 Unknown that the chaotic regions in the SEB, moist convection, the
4 Nov 12 14:37 5738 2443 Anticyclone . . .
5  Novi701:10 3513 1662 Anticyclone westward je'F, and spots in the SEB latitudes compose a sys-
6  Nov1721:02 2576 1173 Anticyclone  t€m supporting the GRS.
7 Nov 28 16:19 2928 1759 Unknown
8 Dec 02 20:02 3748 1759 Anticyclone
9 Dec 09 11:42 5270 2150 Anticyclone
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